We use the method of light-cone sum rules to study the electromagnetic transition of the Ξ * ++ cc into Ξ ++ cc γ, whose decay width is estimated to be 13.7
I. INTRODUCTION
The doubly heavy baryons provide an ideal platform to study the heavy quark symmetry, and have been investigated in various experimental and theoretical studies during the past three decades [1] . Experimentally, in 2002 the SELEX Collaboration reported the evidence of the doubly charmed baryon Ξ − π + process and determined its mass to be 3518.9 ± 0.9 MeV [2] . However, all the other experiments did not confirm this [3] . Theoretically, lots of methods and models have been applied to study the doubly charmed baryons, such as the bag model [4] , various quark models [5] , QCD sum rules [6] , and lattice QCD [7] , etc. [8] . We refer to reviews [9] for more relevant discussions.
Recently, the doubly heavy baryon Ξ ++ cc (3621) was discovered by the LHCb Collaboration in the Λ + c K − π + π + mass spectrum [10] , which channel was previously suggested by F. S. Yu et al. in Ref. [11] . The LHCb experiment measured its mass to be
= 3621.40 ± 0.72 ± 0.27 ± 0.14 MeV ,
which value is significantly larger than the mass of the Ξ + cc (3519) determined by SELEX [2] . Because the Ξ ++ cc and Ξ + cc are isospin partners whose mass difference should be only a few MeV, the LHCb experiment [10] did not confirm the SELEX experiment [2] neither, but discovered a new state. * Electronic address: hxchen@buaa.edu.cn † Electronic address: wec053@mail.usask.ca ‡ Electronic address: xiangliu@lzu.edu.cn § Electronic address: zhusl@pku.edu.cn
The discovery of the Ξ ++ cc (3621) quickly attracted much attention from the hadron physics community, and many theoretical methods were applied to study it [12] . Especially, its weak decay properties were studied in Refs. [13] , its magnetic moments were studied in Refs. [14] , and its relevant molecular states were investigated in Refs. [15] .
Besides the mass of the Ξ ++ cc (3621), the LHCb experiment preferentially retains longer-lived Ξ ++ cc candidates and favors the J P = 1/2 + assignment [10] . Hence, it is natural to continually search for the doubly charmed baryon Ξ * ++ cc of J P = 3/2 + . One of its possible decay channels is the radiative decay Ξ * ++ cc → Ξ ++ cc γ. This has been investigated and the decay width of Ξ * ++ cc → Ξ ++ cc γ was evaluated to be a few or tens of keV when using various phenomenological models [16] [17] [18] [19] [20] [21] . Very probably, these values are much larger than the weak decay width of the Ξ * ++ cc , making it possible and promising to search for the Ξ * ++ cc in the Ξ ++ cc γ channel. To further verify the above results, in this paper we use the method of light-cone sum rules to study the electromagnetic transition of the Ξ * ++ cc into Ξ ++ cc γ, based on our previous study on the mass spectrum of doubly charmed baryons using QCD sum rules [22] . This paper is organized as follows. In Sec. II we shall use the light-cone sum rules to study the electromagnetic transition of the Ξ * ++ cc into Ξ ++ cc γ. The numerical analyses will be done in Sec. III, and the results will be summarized and discussed in Sec. IV.
II. LIGHT-CONE SUM RULES
In this section we use the method of light-cone sum rules to study the electromagnetic transition of the Ξ * ++ cc into Ξ ++ cc γ, which method has been widely used to study decay properties of hadrons [23] [24] [25] . We have also sys-tematically studied mass spectra and decay properties of singly charmed baryons using QCD sum rules and lightcone sum rules in the framework of heavy quark effective theory [26] .
To use this method we first investigate the following three-point correlation function:
where p(= k+q), k, q are the momenta of the Ξ * ++ cc , Ξ ++ cc , and γ, respectively; ǫ is the polarization vector of the γ. Note that we have interchanged the initial and final states to be Ξ
where its leading component is obtained after assuming
)/2. Note that we have kept only the double-pole term but omitted the single-pole terms, which gives some but not large uncertainties. Here we have used the following formula for the baryon fields of spin 1/2 and 3/2:
At the quark and gluon level, we calculate Π α (p, k, q, ǫ) using the method of operator product expansion (OPE) [27] . The result is quite messy, so we show it in Eq. (A1) in Appendix A. It can be naturally separated into two parts, i.e., the photon can be omitted either from the light quark or from the two charm quarks. There are many light-cone photon distribution amplitudes contained in that equation, whose definitions can be found in Ref. [24] . For completeness, they are also listed in Appendix B.
Finally, we use the approximation p ≈ k ≫ q once more to write the two coefficients e −ikx e −i(1−u)qx and e −ikx e −i(α2+wα3)qx as e −ipx . After performing the Borel transformation at both the hadron and quark-gluon levels, we obtain the sum rules as shown in Eq. (A5) in Appendix A, where s 0 and M B are the threshold value and Borel mass, respectively.
Similarly, we calculate the sum rules related to electromagnetic transitions of some other doubly charmed and bottom baryons, i.e., Ξ * +
We shall use them to perform numerical analyses in the next section.
III. NUMERICAL ANALYSES
To perform numerical analyses, we use the following values at the energy scale µ = 1 GeV:
1. The parameters in the distribution amplitudes take the following values [24, 28] :
Note that we use the above values for both the vector mesons ρ and φ, which can give some but not large uncertainties.
2. The quark and gluon condensates take the following values [1, 29] :
3. There are many parameters related to the doubly charmed interpolating currents J Ξ ++ cc and J Ξ * ++ cc ,α . We list them in Table I ,α . All these values are taken from Ref. [22] , where the mass spectrum of doubly charmed baryons is investigated by using the method of QCD sum rules.
We also use the same QCD sum rule method to evaluate the parameters related to their bottom partners, i.e., the S-wave doubly charmed baryons Ξ ( * ) bb and Ω ( * ) bb . The extracted masses are listed in last column of Table I , which are consistent with Ref. [30] , where the mass spectrum of doubly heavy baryons is investigated by using the relativistic quark model. Note that although we list the mass values evaluated using QCD sum rules, we do not use them for numerical analyses in the present study.
The mass of the Ξ
++ cc has been measured by the LHCb Collaboration to be M Ξ ++ cc = 3621.40±0.72± 0.27 ± 0.14 MeV [10] . For the masses of the Ξ * ++ cc and other doubly charmed baryons, we take the values from Ref. [30] , where the mass spectrum of doubly heavy baryons is investigated by using the relativistic quark model. We list all these values in the second column of Table I , which will be used for numerical analyses in the following.
Inserting the above values into the sum rule (A5), we evaluate the coupling constant g Ξ * ++ cc Finally, we use the following decay formula
to obtain
where | q| is the momentum of the photon in the rest frame of the Ξ * ++ cc . Note that the uncertainties of the masses of the Ξ ++ cc and Ξ * ++ cc have not been taken into account. Neither do some of the parameters contained in the distribution amplitudes, such as κ and κ + , etc. Moreover, we have made some approximations when deriving Eq. (10) . Therefore, the total uncertainties can be larger and the final result can be three times larger or smaller than those we have obtained, i.e., 13.7
keV, while we shall still use Eq. (17) as our prediction.
Using the same approach, we calculate the following coupling constants
bb →Ξ 0 bb γ = 0.050 
We list all the above decay widths in Table II .
IV. SUMMARY AND DISCUSSIONS
In this paper we have used the method of light-cone sum rules to study the electromagnetic transition of the Ξ * ++ cc into Ξ ++ cc γ, whose decay width is estimated to be
We have also investigated electromagnetic transitions of some other doubly charmed and bottom baryons, including Ξ * +
To study the latter three processes, we have used the method of QCD sum rules to investigate the mass spectrum of doubly bottom baryons. The extracted masses are listed in last column of Table I , consistent with Ref. [30] where the mass spectrum of doubly heavy baryons is investigated by using the relativistic quark model. We summarized the above results in Table II together with those evaluated in Refs. [16] [17] [18] [19] [20] [21] . Our results are (slightly) larger than those obtained using the bag model [16, 17] , but quite comparable with those obtained using the nonrelativistic constituent quark model [18] , the relativistic three-quark model including hyperfine mixing effects [19] , the relativistic constituent quark model within the diquark picture [20] , and the chiral perturbation theory [21] .
To end this work, we note that the electromagnetic transition of Ξ * ++ cc In this appendix we list the sum rules for the electromagnetic transition Ξ * ++ cc → Ξ ++ cc γ, obtained by calculating Π α (p, k, q, ǫ) defined in Eq. (2) at the quark and gluon level using the method of operator product expansion (OPE). The results are [16, 17] , the nonrelativistic constituent quark model [18] , the relativistic constituent three-quark model including hyperfine mixing effects [19] , the relativistic constituent quark model within the diquark picture [20] , and the chiral perturbation theory [21] .
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where e u and e c are the electric charges of the up and charm quarks, respectively. The integration limits are (p, k, q, ǫ) is obtained when the photon is omitted from the two charm quarks.
After performing the Borel transformation at both the hadron and quark-gluon levels, we obtain the following sum rules
where s 0 and M B are the threshold value and Borel mass, respectively. The spectral density ρ(s) is
−2(10 cos θ 1 t 2 + 3 sin θ 1 t 1 + 5 sin θ 1 t 2 ) × χφ γ (u) × m c× (1 − α) There are many photon distribution amplitudes used in the present study. We list them in Eqs. (B1-B8): φ γ is the leading twist-2 distribution amplitude; ψ (v) , ψ (a) , A, and V are the twist-3 ones; h γ , S, S, and T 1,2,3,4 are the twist-4 ones. We refer to Ref. [24] for the detailed expressions of these photon distribution amplitudes, and to Refs. [25] for more distribution amplitudes of pseudoscalar and vector mesons.
